In describing the application of flash photolysis to some reactions of myoglobin and haemoglobin with carbon monoxide, Gibson (1956 a, b) pointed out the possibilities of extending the use of the method to study their reactions with oxygen. It seemed that suitable photochemical procedures would offer important practical and theoretical advantages over flow methods. On carrying out experiments in systems containing oxygen, however, it was quickly found that the changes in extinction after flashing were much smaller than expected, that their size depended on the concentration of oxygen, and that both the extent of the changes in extinction and the rate of the reaction recorded were increased when the temperature was lowered.
In describing the application of flash photolysis to some reactions of myoglobin and haemoglobin with carbon monoxide, Gibson (1956 a, b) pointed out the possibilities of extending the use of the method to study their reactions with oxygen. It seemed that suitable photochemical procedures would offer important practical and theoretical advantages over flow methods. On carrying out experiments in systems containing oxygen, however, it was quickly found that the changes in extinction after flashing were much smaller than expected, that their size depended on the concentration of oxygen, and that both the extent of the changes in extinction and the rate of the reaction recorded were increased when the temperature was lowered.
Since the situation was clearly complex, no further work with oxygen was done until a new and more powerful flash apparatus had been completed. This used a monochromator instead of interference filters and gave much shorter and brighter flashes than the first model described by Gibson (1956a) . The experiments described here show that after the photochemical decomposition of carboxyhaemoglobin the reduced haemoglobin formed has, for a brief period, a much increased rate of reaction with oxygen or carbon monoxide, though differing only slightly from ordinary reduced haemoglobin in its spectroscopic characters. The occurrence and some of the properties of this reactive haemoglobin have been examined and are discussed in relation to other observations on haemoglobin kinetics.
MATERIALS AND METHODS Blood solutions. Sheep blood was used throughout, and was prepared by the method of Gibson & Roughton (1957) . The blood was defibrinated by shaking with glass beads and the mixture strained through glass wool. To 1 vol. of blood 3 vol. of water was added and, after 10 min. at room temperature (about 200), 5 g. of finely powdered solid borax/100 ml. After shaking for 2 min. the mixture was centrifuged for 20 min. at 3000 g and the clear supernatant decanted. It was transferred to a tonometer, reduced by evacuation and kept under 03-free N2 at 40 until required.
The blood solution was discarded after 5 days and a fresh preparation made. This stock solution was diluted with buffers as required for use in the flash apparatus.
The choice of diluted blood rather than a purified haemoglobin preparation is arbitrary. The risk of altering kinetic behaviour by denaturation in a purification procedure is balanced by the possibility that non-haemoglobin materials in the blood may influence the results. In the absence of definite knowledge which would dictate the use of any particular preparation, diluted blood was preferred because almost all kinetic work so far reported has been doa,witL it Carbon monoxide. This was obtained from Imperial Chemical Industries Ltd.
Buffer8. pH 5-0-6-3: 0 2N-citric acid with 0-2N-NaOH (Britton & Welford, 1937) ; pH 6-4-7-6: 0-2M-KH2PO4 and 0-2M-Na2HPO4 mixed in the proportions of S0rensen (1909) ; pH 7 8-9 1: 0-2M-H3BO3 in 0.2m-KCI with 0-2N-NaOH (Clark, 1928) ; pH 10-11: 01M-Na2CO2 with 0 1N-HCI (Kolthoff, 1925 Flash-photolysis apparatus. The general lay-out and method of operation and calculation of results followed the procedure described by Gibson (1956a) The reaction vessels were modified to allow accurate temperature control by circulating heating or cooling water through spaces on either side of the thin (1.6 or 3-2 mm.) layers of blood solution under examination. A drawing of one of these cells is given in Fig. 2 . The cell was made of clear methacrylate resin and had an interchangeable joint which allowed it to be attached either to a tonometer or to leads which allowed solutions to be introduced without removing the cell from the flash apparatus. Fig. 1 Reduced zernoglobin reacting with carbon monoxide. It was found that the change in extinction which could be recorded at 430 m,t was sometimes substantially smaller than would have been expected from the extinction coefficients of haemoglobin and COHb, and varied with the partial pressure of CO and with change of pH from 9-1 to 7-1. The results of one experiment are summarized
in Table 1 , which shows that the recorded change in extinction after flashing did not vary significantly with change in [CO] between 100 and 1000 ,uM when the haemoglobin was diluted with phosphate buffer at pH 7-1. At pH 9-1 the change in extinction was smaller than at pH 7-1, and at the higher of the two concentrations of CO examined I959 294L (1) In describing the apparatus it was pointed out that the main flash was followed by a weaker 'tail' which prevented observation of changes in extinction until about 400 psec. after firing the flash. The reactions being observed, although rapid, have half-times of 4 and 6 msec. at pH 9-1 and 7-1 respectively, so that the differences in change in extinction given in Table 1 cannot be explained by the 'dead time' of the apparatus of 400 ,sec. In fact, a dead time of 13 msec. would be needed to allow the reaction records obtained with [CO] 1 mm to start from a common point both at pH 7-1 and at pH 9-1. The satisfactory working of the apparatus was confirmed by carrying out control experiments with myoglobin and CO, where, with widely varying [CO] and hence reaction rates, it appeared that observation could begin 370 Msec. after firing the flash. Further, when the rate was 2-5 times greater than the rate of the haemoglobin + CO reaction, 83 % of the expected reaction could be observed.
(2) There might be a rapid reaction taking place during the dead-time of the apparatus at pH 9-1 but not at all or to a less extent at pH 7-1.
(3) The absorption spectrum of the product of photodecomposition of COHb at pH 9-1 is different from that obtained at pH 7-1.
As will appear, both the second and third possibilities are realized, though the second is quantitatively more important than the third.
Experiments with carbon monoxide at low temperatures. When flash experiments were carried out at temperatures between 1°and 50 it was found that the recombination reaction was markedly biphasic, a rapid reaction during the first 5 msec. being 295 Vol. 7x 296 succeeded by a much slower one whici second-order rate constant for the overt haemoglobin + CO --COHb of 4 x 104
This value is in agreement with the temperature coefficient given by Gibson d (1957) in determinations made by the st method, and it is suggested that the represents the combination of 'ordinar haemoglobin with CO.
The rapid phase of the reaction as c 435 m,u is shown in Figs. 3 and 4 , whic also its dependence on pH and concentrB Ab8orption spectrum of the rapid compound. To avoid repetition of phra 'the rapidly reacting compound' th giving the quick changes of extinction and 4 will be written Hb* and the mat the slow changes referred to in the pre graph as 'ordinary' haemoglobin will Hb. Before attempting any analysis of t in Figs. 3 and 4 the absorption spectru needed. Two methods have been used:
(1) The variation with wavelength of in extinction due to flashing has been conditions where the rapid reaction pI (e.g. at pH 106; see Fig. 3 ) and alsc ordinary slow reaction is prominent (e.g see Fig. 3 h yielded a the flash apparatus and their light-absorption at all reaction different wavelengths was determined. Then, I'M-1 sec.-'. assuming that normal COHb is the final product in rates and the absorption cell after flashing, the absorption Roughton spectrum immediately after the flash was obtained opped-flow by addition of the changes due to flashing to the slow phase absorption of COHb at each wavelength. The y' reduced results of an experiment of this kind are shown in Fig. 5 , where the spectrum immediately after )bserved at flashing at pH 10-6 is attributed to Hb* and that sh illustrate at pH 6-7 to Hb. It appears that Hb* has a ition of CO. slightly higher absorption than Hb at wavelengths 'y reacting longer than 435 m,u, but shows a lower absorption 6ses such as maximum near 430 m,u. The spectrum for Hb given e material in Fig. 5 agreed well with the direct static determiin Figs. 3 nations made in the absorption cell of the flash jerial giving apparatus. ,vious para-(2) The conditions were arranged so that about be written half the observed change in extinction after flashing the material tookplace quickly (e.g. pH 9 1, [CO] 150 uM, temp. 10) m of Hb* is when observed at 435 m,. The wavelength of the observation beam was then varied and the pro-"the change portion of the change in extinction taking place observed in quickly determined for each wavelength. The redominates results showed that the rather small differences of where the Fig. 5 are real, the apparent proportion of rapid at pH 6-7; reaction increasing at wavelengths longer than in terms of 435 m, and decreasing between 435 and 415 m,. of Hb and
The close similarity between the spectra of Hb* ation cell of and Hb suggests that the difference between them ___ _is unlikely to be due to a major change in the electronic configuration of the haem group (e.g. formation of a triplet), but is the reflexion in the spectrum of a change in the protein portion of the molecule.
Kinetic properties of Hb*. The curves of Fig. 4 show that both the rate of the initial change in extinction and the extent of the rapid reaction as a proportion of the whole change in extinction after flashing increase when the concentration of CO is raised. This result is most easily interpreted by supposing that Hb* not only combines with CO in a second-order process, giving COHb, but also reverts to Hb in a first-order reaction. This kinetic proposal is readily dealt with provided that the concentration of CO is large enough in comparison with the concentration of haemoglobin to be treated as approximately constant during the reaction. 
and rapidly X = e-(kiL+al*) t
PeQ millimn1l Xr 
A QUICKLY REACTING FORM OF HAEMOGLOBIN substituting from (2) and (3) in (1) gives, on solving by standard methods, y= 1-A e-(kl+al*) t +(A-1) e-al't,
where Aac(l*-l')I(k, +cl*-cl'). The use of equation (4) (2), and (4) where the length of the photolysis flash is short compared with the life of Hb*.
The chief difficulty in the use of equation (4) is to be sure that condition (3) is met, for any single reaction curve from Fig. 3 or Fig. 4 can be fitted equally well on the supposition that k, = 0 and that A = Hb*/(Hb* + Hb) at t = 0. It is, however, possible to show that condition (3) is met, or nearly so, at alkaline pH. Thus in Fig. 3 the curve for pH 10-6 was drawn from equation (4) Table 2 . The mean value of l = 18 x 106 M-1 sec.-' at pH 9-1 and 10. It is about 50 times as great as the value for the overall reaction-velocity constant for Hb combining with CO found by Gibson & Roughton (1957) .
Effect of pH. Some reaction curves illustrating the effect of varying pH between 10-6 and 5-45 are given in Fig. 3 . As the pH is reduced from 10-6, the rapid reaction becomes less obvious and is least at pH 6-7, increasing again in buffers more acid than this. The change with pH is not uniform over the range pH 9-1-6 1: experiments with buffers closer in pH than those shown in Fig. 3 give only a small change between pH 9*1 and 7-6, but a large change between pH 7-6 and 6-7.
It was hoped that the effects of pH could be expressed in terms of the constants k, and l* (4) with values of kL and l* giving a reasonable fit to the experimental data obtained with the higher value of [CO] . The calculated curve for the lower value of [CO] differs widely from the experimental points. In principle, the proportions of Hb and Hb* present immediately after the flash could be determined from pairs of curves similar to those in Fig. 6 , but with three independent constants to dispose of, reliable results would be difficult to obtain. Although it has not been possible to give numerical expression to the results it is clear that change in pH influences not only the course of the recombination reaction but also the changes leading to the formation of Hb* in the photochemical reaction.
Effect of p-chloromercuribenzoate on Hb*. Gibson & Roughton (1957) have shown that when three molecules of CO have combined with a molecule of haemoglobin there is a sharp increase in the rate constant, the fourth molecule combining some 40 times as fast as the first. The high rate constants observed for the combination of Hb* with CO suggested that the two effects might be related. As Riggs & Wolbach (1956) have shown that haemhaem interaction (on which Gibson & Roughton's finding depends) is much influenced by blocking of sulphydryl groups with mercurials, experiments were carried out to see if p-chloromercuribenzoate (PCMB) affected the formation and reactions of Hb*. In experiments at both pH 7-1 and pH 9-1 it was found that PCMB increased the proportion 0-6 AE of the reaction taking place quickly. The effects are most striking at pH 7-1, where little Hb* is formed in the absence of the mercurial. As shown in Fig. 7 , after addition of PCMB, almost the whole reaction takes place rapidly. The rate was similar at both pH values with l* = 1-8 x 106M-1 sec.-' at pH 7-1 and 1.50 and 2-1 x 106M-1 sec.-' at pH 9-1. It appears that PCMB increases the yield of Hb* and also decreases its rate of reversion to Hb.
Effect of the length of photoly88 fluh. The most stable product of photolysis of COHb is Rb, and it would therefore be expected that on prolonged illumination Hb would become progressively more abundant, since Hb* would combine with CO, be broken down again in the light and have a further chance of yielding Hb by the first-order reaction already described. The length of flash is not easily varied without major change in the apparatus, and only two lengths of flash have been examined. One was the usual flash given by the apparatus described in the Materials and Methods section: the other was obtained by using a commercial photographic flash tube at a comparatively low voltage with high-capacity condensers, exactly as described by Gibson (1956a Fig. 8 at first appeared to offer a gratifying confirmation of the theory put forward above.
To examine the matter quantitatively it was supposed: (1) that the reaction of Hb with CO could be neglected during the first few milliseconds after firing the photolysis flash, (2) that the light from the flash decayed exponentially, (3) that [CO]> [Hb] and (4) that the flash, if applied under conditions where the back reaction was negligible, would produce 95 % dissociation of COHb. Then, with the same notation as before and writing illumination intensity I=k2e-k-a, where k2 includes the effects of quantum efficiency, geometry of the apparatus, etc., and k3 is the time constant of the flash: dy/dt = ocl*x -k2ye-kat, (5) dx/dt = k2 y e-kst (ol* + kl) x.
(6) These equations do not appear to be readily soluble and so have been integrated numerically with values corresponding to the conditions of Fig. 8 , taking l*= 1 6 x 106M-1 sec.-l, ki= 300 sec.-l, OX = 2 8 x 10-4M. The resulting curves, plotted in Fig. 9 , show that little difference due to the length of the flashes is to be expected, certainly much less than that shown in Fig. 8 . Any explanation of this result is necessarily speculative, but it may be that Reaction8 of Hb* with oxygen. The effects observed with CO also occur with 02 (Fig. 10) . In this experiment a solution containing 20 /Lm-Hb was equilibrated with a gas mixture containing 10 mm.
pCO and 20 mm. P02 and the changes in extinction after flashing were followed at 430 m,u (isosbestic for COHb and O2Hb), at 421 m,u (isosbestic for Hb and O2Hb) and 412 m,u (isosbestic for Hb and COHb). The records give the concentrations of Hb (430 m,u), COHb (421 mp) and O2Hb (412 m,u). As Fig. 10 shows, the disappearance of Hb in the first 2 msec. after flashing is almost wholly due to the formation of 02Hb, the rate giving a velocity constant of 107M-1 sec.-1 at 10. This is about 10 times as great as the value found for the combination of 02 with Hb by the stopped-flow method. Thus the anomalous rate of combination found for CO is matched by a similar phenomenon with 02, though the quantitative difference between Hb* and Hb is smaller. It is interesting to note that the ratio between the velocity constant for 02 and that for CO is 4:1, and to compare this figure with the value of 3 5 reported for the ratio k4'/14' by Gibson & Roughton (1955) . In their notation k4' is the velocity constant for the reaction Hb4(02)3 + 02 -* Hb4(02)4, and 14' that for the reaction Hb4(CO)3 + CO -+ Hb4(CO)4. Effect of temperature on the reaction of Hb* with carbon monoxide. The most satisfactory observations have been made at pH 10-6, where the reaction Hb* + CO -+ COHb accounts for almost the whole observed change in extinction at 435 m,u. The temperature coefficient for the reaction is significantly smaller than that for the overall reaction Hb + CO -* COHb, where Gibson & Roughton (1957) found the energy of activation to be 10-5 kcal. The data shown in line A of Fig. 11 give a value of 5-6 kcal. The change in-rate and the change in activation energy are not in the proportions required by classical theory, a change of 5 kcal. calling for 1000-fold increase in rate.
Experiments at pH 9-1 intended to give the temperature coefficient of k, yielded reaction records over the range I-2-191-0 which-differed little from one another, and which, on analysis with equation (4), gave a temperature coefficient for l* of 1-2/100 temperature rise, appreciably less than that found at pH 10-6. The temperature coefficient for k, was 1-5/100, corresponding to an energy of activation of about 6 kcal. In view of the discrepancy between this experiment and the one illustrated in Fig. 11 in the value for l* this result must be regarded with some slight reserve.
Effect of urea and of 2M-8odium chloride. It is well established that the denaturation of haemoglobin by urea begins with the splitting of the molecule into two halves. This treatment might be expected to modify the accessibility of the haem groups to ligand molecules and the formation and properties of Hb*. The experiments were carried out at pH 7-1, where the formation of Hb* is normally slight. The effect of 5M-urea was to produce a dramatic increase in the rate of reaction, the haemoglobin now behaving very much as in a solution of pH 10-6, l* at 1-20 being 1-9 x 106M-1 sec.-' The energy of activation was 5 kcal., as shown in Fig. 11 , line B.
The effects of 2 M-NaCl were less striking and also took some time to develop, a good effect being obtained after incubation of the dilute haemoglobin solutions for 3 hr. at room temperature. The effect was generally similar to that of urea, as would be expected from the work of Gutfreund (1949) on the osmotic pressure of haemoglobin in salt solutions. The greatest value of the recombination velocity constant was 8 x 105M-1 sec.-' at 1°a s compared with 1-9 x 108 with 5M-urea under similar conditions. Effect of pigment concentration, and mnicellaneou.s ob8ervation8. The physical dimensions of the present flash apparatus largely dictate the pigment concentrations which can be most effectively and conveniently used, and all the experiments dealt with so far have been carried out with blood diluted about 400 times, giving a haemoglobin concentration of about 30 ,M. It is not possible to increase the pigment concentration much without producing grossly non-uniform illumination within the photolysis cell, but greater dilutions may be used. The results of some experiments at pH 9-1 and 7-1 are given in Table 3 . At pH 9-1 they are expressed in terms of kL and 1*, which are little affected by dilution within the range studied. At pH 7-1 determinations with two values of pCO gave results consistent with a value of kL much less than al*. To allow the results to be worked out it has been supposed that k,=O, and values of the percentage of Hb* formed and 1* given in Table 3 been calculated on this basis. It appears that the proportion of Hb* formed on flashing is increased by dilution, and there may also be some rise in 1*. The effects of dilution at pH 7-1 are presented in a more striking form in Fig. 12 , where the [CO] was held constant and the strength of the blood varied. The change in extent of the rapid reaction is obvious. Although in ten experiments the effect of dilution at pH 7-1 was always in the direction shown in Table 3 and Fig. 12 , the quantitative findings differed greatly from blood to blood, and from day to day with the same blood stored as described in the Materials and Methods section. The general conclusions reached were: that fresh blood shows the least effect on dilution; that storage as blood diluted with 3 vol. of borate (see Materials and Methods) at pH 9 1 and 4°gives a bigger change than storage at pH 7-1; and that dilution of materials present in the serum is not important, since similar results were obtained on dilution either with buffer or with buffer containing serum from the same blood sample.
Myoglobin. Several attempts have been made to look for anomalous effects with myoglobin, but even under the most favourable circumstances the reactions appeared to be accurately second-order both with 02 and CO. These negative results are important because they suggest that the formation of Hb* is dependent on the protein part of the molecule and is not a general property of the haem group. 
DISCUSSION
A qualitative explanation of the existence of a rapidly reacting form of haemoglobin can be offered in terms of Gibson & Roughton's (1957) finding that the fourth molecule of carbon monoxide to combine with sheep haemoglobin does so at about 40 times the speed of the first three. Their result can be correlated with Haurowitz's (1938) observation that the penetration of oxygen into a crystal of reduced haemoglobin is accompanied by a change in crystal form and double refraction, suggesting that a major structural reorganization accompanies binding of ligand. The rapidly reacting form of haemoglobin would then be pictured as a haemoglobin molecule which had lost its ligand molecules within a brief space of time by photochemical action, but which had not yet had an opportunity to undergo the structural alterations corresponding to the change from the saturated to the reduced state. The subsequent disappearance of the rapidly reacting form would then be regarded as a measure of the rate of this alteration. It is not surprising that -SH groups are concerned, since there is already much evidence to implicate them in the phenomena of haem-haem interaction, and Riggs & Wolbach (1956) have given an excellent summary of the present position in describing their experiments on the effect of mercurials on the oxygen affinity of horse haemoglobin. The present results are fully consistent with the idea that the haem groups and -SH groups of sheep haemoglobin are in close proximity, and that the formation of linkages by them may be directly responsible for the alteration of protein configuration which accompanies haem-haem interaction.
At pH 7-1, where the formation of Hb* is not normally prominent, it is stimulated by mercurials, by urea, by strong salt solutions and by great dilution of the blood. Since three of these are known to favour splitting of the haemoglobin molecule it is natural to consider if the effect can be explained by a photochemically induced splitting followed by recombination of the fragments. If so, it would be expected that kl, which measures the re-formation of Hb from Hb*, would be inversely related to the dilution of the blood. This is not so, and a change of structure rather than an actual split appears more probable.
An opening up of the protein structure in terms of the 'crevice' hypothesis of St George & Pauling (1951) is not favoured by the data on the rate and energy of activation of the reaction between Hb* and carbon monoxide, since a change of this kind would be expected to affect the frequency factor rather than the activation energy. The experiments have shown that the activation energy is significantly reduced, and as there is not a corresponding 301
